Introduction
The genus Raphanus includes two species, R. sativus and R. rapahnistrum. R. sativus is an important vegetable for harvesting root, seed capsule and leaf, whereas R. raphanistrum is a kind of invasive weed (Dellow et al. 2006) . The genus Brassica includes many edible species; B. juncea, B. napus, B. oleracea, B. rapa, B. carinata and B. nigra, which are used as vegetables, oil-seeds or functional supplements. These Brassicaceae vegetables are known to have high amounts of functional substances such as glucosinolates (Becerra-Moreno et al. 2013 , Cao et al. 1996 , Ou et al. 2002 . Especially, kale and radish have higher amounts of antioxidants compared to other vegetables , Podsędek 2007 . Inter-generic hybrid between radish (Raphanus sativus L., 2n = 2x = 18, RR genome) and kale (Brassica oleracea L. var. acephala D.C., 2n = 2x = 18, CC genome) categorized as Raphanobrassica, has been recognized to have two glucosinolates (GSL), i.e., kale specific component glucoraphanin (GRA) and radish specific component glucoraphenin (GRE) (Matthäus and Luftmann 2000, Takahata et al. 2006) . GSL is hydrolyzed by myrosinase into isothiocyanate, which suppresses both growth of Helicobacter pylori and H. pylori-induced gastritis, detoxifies carcinogen, and inhibits the cell division of carcinoma (Bonnesen et al. 2001 , Kim et al. 2011 , Nakamura et al. 2002 , Srivastava and Singh 2004 , Zhang et al. 1994 . Therefore, demand for new Brassicaceae crops with higher amounts of GSL has now become one of the major concerns of the breeders.
The increase of the secondary metabolite production in induced polyploids was previously demonstrated in some medicinal species such as Atropa belladonna, Solanum khasianum and Artemisia annua (Banyai et al. 2010 ,
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Amiprophosmethyl-induced efficient in vitro production of polyploids in raphanobrassica with the aid of aminoethoxyvinylglycine (AVG) in the culture medium Optimum conditions for obtaining tetraploid were investigated in raphanobrassica, the intergeneric hybrid between radish (Raphanus sativus) and kale (Brassica oleracea var. acephala) by treating in vitro plants with an anti-mitotic agent, amiprophosmethyl (APM). Initially, no tetraploids but hexaploids and octaploids were induced by the treatments. Although the leaves of these polyploids of raphanobrassica showed chlorosis during subcultures in in vitro conditions, the chlorosis could be successfully prevented by the ethylene inhibitors, both AVG and AgNO 3 . Based on this result, AVG was added into medium used for the culture after the chromosome doubling treatment, which subsequently resulted in increased survival rates of the treated plant materials as well as increased production rates of polyploids including tetraploid. These polyploid plants showed obviously different characters from the original diploid plant. The tetraploid plant had bigger sizes in shoot, flower and leaf, and more number of leaves than the diploid. On the other hand, the hexaploid and octaploid plants had smaller sizes in shoots and leaves, and less number of leaves than the diploid. Concentration of glucosinolates, functional substances of Brassicaceae crops, did not significantly differ between diploid and tetraploid of raphanobrassica, but reduced in hexaploid and octaploid. Dhawan and Lavania 1996, Zhang et al. 2010) . Effectiveness of polyploid production has also been reported for improving the useful characters of plants such as increased resistance against water stress, extended flower longevity and increase in organ size (Dhawan and Lavania 1996 , Fox and Duronio 2013 , Liu et al. 2011 , Saleh et al. 2008 . Recently, we confirmed that diploid raphanobrassica plants obtained by crossing radish with kale showed increased contents of GSL compared to both parents (unpublished results). Since these diploid raphanobrassica plants are completely sterile due to the allodiploid nature with RC genome, it is necessary to produce chromosome-doubled plants of the hybrids to restore the fertility for further use as a seed-propagated functional vegetable crop. In the present study, therefore, we aimed to establish the method for producing polyploids in raphanobrassica and to characterize their morphological traits and GSL contents.
Materials and Methods

Plant materials
Seeds of diploid raphanobrassica "2009 (10 × 48)" were obtained by crossing a cytoplasmic male sterile radish strain "2008-632" (Raphanus sativus L.) with a normal fertile kale strain "2010-91" (Brassica oleracea L. var. acephala D.C.), which has 20-30 times higher concentration of GRA than ordinary cultivars, at Nagano Vegetable and Ornamental Crops Experiment Station in Japan. These seeds were surface-sterilized with 0.2% sodium hypochlorite solution for 10 min and rinsed with sterile distilled water 3 times. They were then inoculated onto 1/2MS medium (8 g l -1
agar-solidified half-strength MS medium (Murashige and Skoog 1962) supplemented with 20 mg l -1 sucrose) and incubated at 25 ± 2°C under 16 h photoperiod at 30-40 μmol m -2 s -1 with cool white fluorescent lamps. Shoot tips with primary leaves were excised from one of the raphanobrassica seedlings and transferred to fresh 1/2MS medium for regenerating a plantlet, which was then subcultured for multiplication by transferring shoot segments with 2-3 nodes regularly to 1/2MS medium every month.
Induction of polyploids
For chromosome doubling, in vitro plantlets with 3 or 4 leaves obtained 2 weeks after the subculture were used for polyploidization. They were immersed in different concentrations (3, 6 and 9 mg l -1 ) of autoclaved APM solutions in culture bottles (Nihon Yamamura Glass Co., Ltd., Japan) and kept on the shaking incubator at 120 rpm. After the liquid shaking treatment for 24 hours, plantlets were washed with sterile distilled water three times and transferred to the fresh 1/2MS medium. One month after the treatment, the plantlets were cut into one nodal segments and transferred onto fresh 1/2MS medium for plantlet regeneration. Plantlets with 3-4 leaves thus obtained were sub-cultured for multiplication by cutting into 1 or 2 nodal segments and transferring onto 1/2MS medium every month. Survival of plantlets was confirmed 2 months after the APM treatment, whereas ploidy levels of plantlets were checked with newly growing leaves by flow cytometry 6 months after the treatment as described below. The polyploid plants thus detected were propagated and checked every 6 months for their stability of ploidy levels more than 2 years. Stable polyploids were acclimatized and grown in a greenhouse. To prevent the leaf chlorosis frequently observed during the in vitro subcultures, these polyploid plants were also cultured on 1/2MS medium supplemented with different concentrations of ethylene inhibitors, i.e., AVG at 0, 0.2, 1.0, 2.0 and 4.0 mg l -1 or silver nitrate (AgNO 3 ) at 0, 0.2, 1.0, 2.0, 4.0 and 6.0 mg l -1 . After one month, effect of the ethylene inhibitors on prevention of leaf chlorosis was evaluated as the percentage of the total number of chlorotic leaves per total leaves. Based on these results, chromosome doubling with APM treatments was again examined by culturing the plantlets on 1/2MS medium containing 2 mg l -1 AVG. After the treatment, the plantlets were subcultured in vitro, acclimatized and cultivation in greenhouse as described above.
Flow cytometric analysis
After the chromosome doubling treatment, ploidy levels of the treated plants were checked with newly growing leaves by flow cytometry according to the method of Mishiba and Mii (2000) with slight modification using a Partec PA cytometer equipped with a mercury lamp (Partec, GmbH, Münster, Germany). Ploidy levels were determined by comparing the position of dominant peaks at G0-G1 phase of the cell cycle between original diploid plant and the plants treated with APM. For staining released nuclei, about 0.1 g fresh weight tissues were chopped with a razor blade in 1.0 ml of solution composed of 100 mM Tris, 50 mM sodium citrate, 2 mM MgCl 2 , 1% (w/v) polyvinylpyrrolidone (PVP), 0.1% (v/v) Triton X-100 and 2 mg l -1 4,6-diamidino-2-phenylindole (DAPI), pH 7.5, in a plastic Petri dish (Galbraith et al. 1983) , and filtered through a 30 μm nylon mesh. The suspension of nuclei was subjected to flow cytometric analysis for determining the relative nuclear DNA contents on a linear scale histogram.
Polyploid cultivation and transplantation
Polyploid plants derived from one seed were maintained in vitro for more than 2 years by subculturing the shoot segments every month on 1/2MS medium supplemented with 0.2 mg l -1 AVG for preventing leaf chlorosis at 25 ± 2°C under 16 h photoperiod. Polyploid plants were sufficiently washed to remove the adhering medium, transferred to commercial soil (Lixil Viva Co., Japan) in 9 cm pots, and grown in the greenhouse. After two weeks of acclimatization, these plants were transferred to 30 cm pots and were further grown in the greenhouse (December 2012 to March 2013 . At flowering stage after 3 months of cultivation, plant height, leaf size, petiole length, stem size, and number of leaves were measured for phenotypic characterization.
Samples preparation and LC-MS/MS system for glucosinolate analysis
Glucosinolates were extracted according to the method of Takahata et al. (2006) with slight modifications. In each ploidy level of plants, 200 μg of freeze-dried leaves were powdered by Multi-beads shocker (Yasui Kikai Co., Japan), added with 1 ml of 80% methanol, and incubated for 10 min at 60°C for deactivation of myrosinase. Then samples were centrifuged with 15,000 rpm at 25°C for 5 min and supernatants were collected to new tubes. Extraction was further repeated twice for the residues, and totally 3 ml of methanol extracts were obtained for each ploidy sample. The crude extracts were applied to ion exchange column DEAESephadex ® A-25 (GE Healthcare Japan Co., Japan). The column was washed with 5 ml of distilled water and treated with 75 μl sulfatase at 25°C overnight for desulphonation. Samples containing GSL were eluted with 5 ml of distilled water and filtrated through 0.20 μm syringe filter unit (Merck Ltd., USA) before analysis. Contents of glucosinolate were measured by Liquid Chromatography-tandem Mass Spectrometry (LC-MS/MS) (LCMS-8030, Shimadzu, Japan). Glucoraphanin (Cayman Chemical Co., USA) and glucoraphenin potassium salt (PhytoLab GmbH & Co. KG) were used as standard substances. TSKgel ODS-100V 3 μm (column size 2.0 mm × 150 mm) (Tosoh Co., Japan) was used as the analytical column. TSKgel Guard Cartridge Holder and TSKgel guardgel ODS-100V 3 μm (column size 2.0 mm I.D. × 1.0 cm) (Tosoh co., Japan) were used as guard holder and cartridge, respectively. The mobile phase selected was (A) water and (B) acetonitrile (20%, v/v) applied at a flow rate of 1 ml min -1 in a gradient mode as follows: (i) 0 min (A/B: 100/0, v/v); (ii) 0-10 min (A/B: 10/90, v/v); (iii) 10-14 min (A/B: 100/0, v/v); (iv) 14-15 min (A/B: 100/0, v/v). The injection volume and column temperature were set at 2 μl and 35°C, respectively. The range of detection wavelength selected after examining the UV spectra collected was 190-340 nm as most of the glucosinolate absorption maxima were at this wavelength range. Full-scan LC-MS spectra were obtained by scanning from m z -1 100 to 1000. Compounds were identified by comparing the PDA, MS and MS/MS data (retention time, spectra, ions, and confirmation transition) with those obtained from pure standard solutions.
Results
Effect of APM on survival rate and chromosome doubling
When in vitro plantlets were treated with APM for 24 h, survival rate of the explants evaluated 2 months after the treatment was clearly affected by the concentration of APM; 56% in the control, whereas 9, 1.3 and 0% at 3, 6 and 9 mg l -1 , respectively (Table 1, Supplemental Fig. 1 ). Although no tetraploid was obtained at any APM concentrations, both hexaploid and octaploid plants were induced at the frequencies of 4.0 and 2.7%, respectively at 3 mg l -1 , and only 1.3% hexaploid at 6 mg l -1 APM ( Table 1) . Shorter time treatment (12 h) failed to induce any polyploid (data not shown). These polyploid plants of raphanobrassica showed reduced growth rate with leaf curing and chlorosis compared to the control diploid plant during in vitro subcultures (Fig. 1a) . Especially, propagation and maintenance of hexaploid plants were difficult due to slow and dwarf growth compared to octaploid plants.
Effects of ethylene inhibitors in medium on chlorosis
Provided that the leaf curing and chlorosis conspicuously observed in the polyploids were induced by the overproduction of ethylene in these plants, ethylene inhibitors, AgNO 3 and AVG were added individually to the medium at different concentrations. As the result, both AgNO 3 and AVG Number of treated plantlets was 10 for each treatment and the experiment was repeated three times. Survival rate was evaluated two months after the treatment. Rate of each ploidy plantlets was calculated as (total number of corresponding ploidy plantlets / total number of treated plantlets) × 100 four months after the treatment. Different letters indicated significant differences at p < 0.05, as determined by Tukey's HSD test after arc-sine transformation of the data. successfully prevented leaf chlorosis, and 0.2 mg l -1 AVG was found most effective for the suppression of chlorosis, whereas its higher concentrations (2-4 mg l -1 ) caused severe chlorosis (Fig. 2) . Based on these results, polyploid plants were grown healthy and easily propagated by nodal cuttings on medium containing 0.2 mg l -1 AVG (Fig. 1b) .
Chromosome doubling using medium containing AVG after AMP treatment Since the growth of subcultured raphanobrassica plantlets was improved by adding ethylene inhibitors at appropriate concentrations, chromosome doubling with APM was also examined by using medium containing 0.2 mg l -1 AVG after the treatments. As the results, survival rates were dramatically increased by using AVG in all the APM treatments and more than half of the explants survived even after the treatment with the highest concentration (9 mg l -1 ) of APM (Table 2) , which gave no survival of the explants without using AVG (Table 1) . Polyploids including mixoploids were obtained at all the concentrations of APM treatments and gave 11-33% efficiencies ( Table 2) , which were almost 5 times higher than those obtained when AVG-free medium was used (Table 1) , also clearly increased by using AVG at all the APM concentrations tested. Tetraploid plantlets were obtained for the first time by addition of AVG to the culture medium after APM treatment (Supplemental Fig. 1 ) and the highest tetraploid production rate (13.9%) was obtained at 6 mg l -1 .
Characteristics of polyploids
In in vitro culture conditions, morphology of tetraploid was not so different but had larger leaves compared to diploid plants. In contrast, hexaploid plant showed rosette-like stunted growth and had the smallest leaves among all the 4 ploidy levels (2x-8x) of plants (Fig. 3a, 3b) . The highest frequency of rooting was observed in tetraploid plants, followed by diploid, hexaploid and octaploid plants (Fig. 3c) . Three months after transfer to greenhouse, each ploidy level 75.6 ± 0.9 b 13.9 ± 3.9 b 8.3 ± 1.2 a 0.0 c 8.3 ± 0.3 b 29.7 ± 3.6 a 9 51.7 ± 11.6 c 0.0 c 0.0 b 11.1 ± 7.9 a 0.0 c 11.1 ± 7.9 b
After APM treatment, plantlets were cultured on 1/2MS medium containing 0.2 mg/l AVG. Number of plantlets used for each treatment was 10 and the experiment was repeated three times. Survival rate was evaluated two months after the treatment. Rate of each ploidy plantlets was calculated as (total number of corresponding ploidy plantlets / total number of treated plantlets) × 100 four months after the treatment. Different letters indicated significant differences at p < 0.05, as determined by Tukey's HSD test after arc-sine transformation of the data.
of plants showed similar trends in morphology and growth compared to those in in vitro conditions: tetraploid had larger plant size than diploid and octaploid and hexaploid showed the depressed growth and dwarf morphology (Table 3, Fig. 3d ). Almost one month later, diploid plants attained to the flowering stage. However, other ploidy level of plants flowered later, i.e., one week after flowering of diploid plants in tetraploid and one month in both hexaploid and octaploid plants. Although octaploid had almost equal plant size to the original diploid, it had larger flower size than the diploid and comparable to the tetraploid (Fig. 3e,  3f ). All the induced polyploids (4, 6, 8x) showed male sterility like as the male sterile female radish parent used for producing diploid raphanobrassica in the present study.
Original diploid raphanobrassica had both radish-derived GRE and kale-derived GRA as GSL, and the former showed 3 times higher concentration (760 μg/100 mg DW) than the latter (270 μg/100 mg DW) (Fig. 4) . These values are almost comparable to those of parental materials: slightly lower content of GRE than that of radish (984 μg/100 mg DW) and slightly higher content of GRA than that of kale genotype used in the present study (195 μg/100 mg DW). Although tetraploid had almost the same concentrations of GSL as diploid, hexaploid and octaploid showed drastic reduction in the concentrations of GSL and no GRE was detected in octaploid (Fig. 4) .
Discussion
Based on the results for production of tetraploid kale (Niimi et al., submitting) , in vitro cultured raphanobrassica plantlets were treated with APM for obtained polyploids in this study. Consequently, hexaploid and octaploid plants were induced at 3 and 6 mg l -1 APM but no tetraploid could be induced in this experiment. Although the reason for the unexpected hexaploid production is still unclear, we suspected that treatment time of 24 hours was too long and caused extra-round of DNA replications. Therefore, we also tried shorter time treatment (12 hours) but polyploid could not be induced (data not shown). The polyploid raphanobrassica plantlets showed leaf chlorosis during subcultures and were difficult to maintain and propagate in vitro. Especially, propagation and maintenance of hexaploid plants were difficult due to slow and stunted growth compared to diploid 
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401 and octaploid plants. Chlorosis and abscission of leaves were sometimes reported to occur by ethylene production from the in vitro plants (Magdalita et al. 1997 , SantanaBuzzy et al. 2006 . In the present study, therefore, we added either AgNO 3 or AVG to the culture medium and found that leaf chlorosis could be prevented by these ethylene inhibitors at appropriate concentrations, especially by AVG at 0.2 mg l -1 . Moreover, AVG was found to be effective for the suppression of chlorosis for longer time compared to AgNO 3 (data not shown). Consequently, AVG-treated plants were grown healthy and easily propagated by nodal cuttings. We therefore considered that the addition of AVG into a medium after chromosome doubling treatment might have favored for the survival and recover of the chromosomedoubled cells through the suppression of putative ethylene production from the APM-treated tissues, which resulted in the higher rates of both survival and polyploid production. Since hexa-and octaploid plants were obtained without adding AVG into the medium after APM treatment, it is possible that tetraploid cells are more sensitive to the ethylene production than hexa-and octaploid cells although the reason for the difference in the sensitivity is not clear. Although AVG treatment also induced chimeric plant (mixoploid) formation, flow cytometric analysis might be efficiently used to eliminate the mixoploids or to obtain stabilized polyploid plants by monitoring the ploidy level through the successive subcultures. These results suggest that the use of AVG after chromosome doubling treatment might be effective strategy for obtaining polyploids not only in the other Brassicaceae plants but also in the wide range of recalcitrant species.
It has been well known that polyploids generally show the alterations in plant morphology from its diploid counterpart (Otto and Whitton 2000) , which was also found in raphanobrassica in the present study. For example, tetraploid showed the highest frequency of rooting and the biggest plant size, whereas hexaploid showed the most inferior growth. Since hexaploid plants were obtained irrespective of the use of AVG for the post-APM treatment culture medium, hexaploid induction by the mitotic inhibitor treatment might be a common phenomenon in raphanobrassica. To clarify the mechanism involved in the production of hexaploid, some experiments are now in progress to reveal the genomic constitution using GISH analysis and precise nuclear DNA contents with flow cytometric analysis of the hexaploid.
Raphanobrassica plants produced in the present study were revealed to have both GRE derived from radish and GRA from kale as GSL at almost comparable concentrations to those of both parents, suggesting the possibility that they could be utilized as a functional crop with these two important GSLs. The increase in the contents of secondary metabolite products in induced polyploids was previously demonstrated in Datura (Berkov 2001) and Solanum commersonii (Caruso et al. 2011) . However, in the present study on raphanobrassica, GSL concentration per dry weight did not differ between diploid and tetraploid, and both hexaploid and octaploid showed reduced concentrations. These results suggest that GSL concentration could not be increased by increasing the ploidy level in raphanobrassica, although it might be necessary to evaluate other polyploids derived from different genotypes that are produced by the same intergeneric hybridization, for obtaining the general conclusion on the relationship between ploidy level and GSL concentration.
In conclusion, polyploid plants ranging from tetraploid to octaploid could be efficiently produced by APM treatment with the aid of AVG added to the culture medium used for the post-APM treatment. Among the 3 different ploidy levels of plants, tetraploid might be useful as functional vegetable due to larger biomass than and comparable GSL content to the original diploid plant. Although tetraploid raphanobrassica strain produced in the present study is male sterile due to the use of radish with cytoplasmic male sterility as a female parent, it might be utilized as the female parental line for F 1 seed production of a novel functional vegetable crop at the tetraploid level although restoration of female fertility in the tetraploid needs to be confirmed by crossing with other tetraploid raphanobrassica with normal pollen fertility. By utilizing the chromosome doubling method established in the present study, production of the other tetraploid raphanobrassica strains with normal fertility is now in progress by utilizing the diploid radish strain with normal fertility for producing diploid raphanobrassica.
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